Shell closures and their associated magic numbers of nucleons provide a unique means for studying the structure of exotic nuclei far from stability. An experiment was recently performed at the National Superconducting Cyclotron Laboratory to measure resonant elastic proton scattering on 46 Ar in inverse kinematics in the region containing isobaric analogue states of 47 Ar, an N = 29 nucleus with one neutron above the N = 28 shell closure. Four candidate resonances were observed: one corresponding to the 3/2 − ground state of 47 Ar, another corresponding to its 1/2 − first excited state, and two that likely correspond to states in the 47 K compound nucleus. The observed properties of the ground state resonance were compatible with values from the literature, but a significantly lower spectroscopic factor was found for the 1/2 − state resonance. The study of the evolution of shell closures in nuclei far from stability is an important part of current research in nuclear physics. 
shell closures is a privileged benchmark for nuclear structure models because nuclear properties are more easily defined with fewer valence nucleons. In addition to binding energies, the orbitals can be characterized based on their neutron separation energies, deformation, and collectivity [2] . Among the many reaction tools used to study these properties, transfer reactions are widely known to directly provide information on the single-particle properties via the deduction of single-particle energies and spectroscopic factors.
For these reasons, 47 Ar ( Z = 18, N = 29) has been the subject of a variety of complementary experiments to study the behavior of the N = 28 neutron shell closure two protons below 48 Ca.
A deduction of the single-particle energies at 10 MeV/u performed at GANIL by Gaudefroy et al. [3, 4] led to the conclusion that the spin-orbit splitting between the p 3/2 and p 1/2 states is reduced by 45% in 47 Ar as compared to the isotone 49 Ca. This conclusion was questioned in a comment [5] that described the fragmentation of p 1/2 strength and noted that one has to take into account the total strength distribution of this single-particle state in order to determine the center of gravity. Gaudefroy et al. [6] addressed this in a reply where they reported a weaker reduction in the spin-orbit splitting. In a later work by Bhattacharyya et al. [7] , states in 47 Ar were populated via deep inelastic transfer reactions. They observed many of the states that were seen by the previous measurement, but they also identified several new states, including a new 5/2 − state at 1234 keV, only 34 keV above the energy they measured for the 1/2 − first excited state. Most recently, Gade et al. [8] studied 47 Ar at the NSCL using one-neutron pickup and one-proton removal reactions measured via γ -ray spectroscopy. This work provided a very precise measurement of all previously known energy levels in the 47 Ar nucleus except for the 1/2 − first excited state, which could not be populated due to angular momentum coupling constraints.
In this work, we present a study of 47 Ar using resonant elastic proton scattering on 46 Ar, populating the isobaric analogue states in 47 K. To our knowledge, this is the first experiment involving isobaric analogue states in this mass region. It was also the radioactive beam commissioning experiment for the Active-Target Time Projection Chamber (AT-TPC) at the NSCL [9] . During the experiment, 183.5 h of data were recorded, yielding 3 × 10 4 proton scattering events after data analysis. This letter is focused on the physics results of the experiment; full details about the experimental setup and data analysis procedure are given in Ref. [9] . 46 Ar was produced from the fragmentation of a 140 MeV/u 48 Ca primary beam accelerated by the coupled cyclotrons and selected using the A1900 fragment separator [10] . The 46 Ar fragments were then stopped in a linear gas cell and transported to an electron beam ion source (EBIS), where their charge state was increased from 1+ to 17+. Finally, the ions were injected into the ReA3 reaccelerator [11] , and accelerated to 4.6 MeV/u. The extraction time of the beam from the EBIS was stretched as much as possible, resulting in non-uniform bunches of length 100 ms every 500 ms, or a duty cycle of 20%. As a result, the instantaneous beam particle rate fluctuated between 5000 Hz and 60 000 Hz, much higher than the average rate of 1180 Hz. Two beam contaminants, 46 K (2.2%) and 46 Ca (0.4%), were generated through β-decay of 46 Ar. An additional heavier contaminant was identified as 57 Fe 21+ (27.8%).
These were identified using a very thin ion chamber (approximately 500 μg/cm 2 including the isobutane gas at 20 torr and the aluminized plastic windows) located upstream of the AT-TPC [9] . The beam entered the active volume of the AT-TPC through a 3.6 μm thick aluminized para-aramid (aromatic polyamide fibers also known as Kevlar) window of 1 cm diameter. The AT-TPC active volume is a cylinder of length 1 m and radius 29.2 cm, which was filled with isobutane (C 4 H 10 ) at 19.2 torr and placed in a uniform 1.68 T magnetic field generated by a solenoidal magnet. At this pressure, the beam particles were stopped several centimeters before the sensor plane mounted on the downstream end of the active volume. The sensor plane consists of a mosaic of 10 240 equilateral triangles (or pads) that provide the x and y information for the tracks, while the signal from each pad is sampled into a 512-sample switched capacitor array at a frequency of 12.5 MHz. The timing information from the signals is then used to deduce the z component of the tracks, or the component along the drift direction in the detector. From the measured electron drift velocity of 5.2 cm/μs, each sample corresponds to 4.2 mm in the drift direction.
The amplification, sampling and readout of the detector was performed by a dedicated electronics system [12] triggered by the presence of track signals outside the pad region illuminated by the beam particles. The timing of the trigger was established from the ion chamber signal in order to retain the arrival of beam particles through the window as time reference, essential to the determination of the reaction vertex position along the beam axis. The average trigger rate was approximately 10 Hz. Complete details about the electronics and trigger setup can be found in [9, 13] .
The observation of isobaric analogue resonances using resonant proton scattering was first reported on 88 Sr and 89 Y [14, 15] . This type of reaction was quickly recognized as a valid tool to extract spectroscopic factors [16] , and its relation to the determination from transfer reactions such as (d,p) established [17] . The observation of isobaric analogue states of 41 Ar in 41 K was similarly done through resonances observed in the elastic scattering of protons on 40 Ar by Scott et al. [18] . They noted that the elastic scattering width p is related to the spectroscopic factor of a state of spin-parity J π by the relation
where 2T 0 + 1 = N − Z for the parent nucleus, and sp is the single-particle width as determined either by the R matrix model or by the resonance width for proton scattering in an optical model potential. Similarly to Scott et al. [18] , the present experiment was designed to observe resonances in the excitation function. The resonance for an isobaric analogue state is expected in the centerof-mass frame at
Here, [4] , and a 5/2 − state at 1231 keV [8] . Note that the excitation energies of these resonances in the 47 K compound nucleus are much higher than in the 40 Ar case measured by Scott et al. [18] , so the level densities are much higher, and the fine-structure resonance components are therefore not observable within our experimental resolution. A typical proton track recorded by the AT-TPC is shown in Fig. 1 . The tracks were analyzed using a multi-step process which is described in detail in Ref. [9] . First, the tracks were identified and separated from noise using a process [22] [23] [24] [25] based on the Hough transform [26] . This removed spurious points in the 3D track reconstruction that arise from cross-talk in the electronics and from random triggers due to the low discriminator threshold applied to each channel. The Hough transform results were used as a starting point for a Monte Carlo minimization in the 6-dimensional space given by the reaction vertex location (x 0 , y 0 , z 0 ), the reaction vertex energy E 0 , and the two angles (θ 0 , φ 0 ) describing the orientation of the proton's momentum vector at the reaction vertex. The Monte Carlo algorithm minimizes the difference between a simulated track and the experimental hit pattern. The track simulation accounts for the staggered division of charge deposited on adjacent triangular pads, the energy-dependent energy loss as given by SRIM [27] , and the lateral diffusion of the drift electrons. An example of the fit results is shown in Fig. 1 . At this stage, scattering on carbon nuclei from the C 4 H 10 molecules could be eliminated because the energy loss of the recoiling carbon nucleus is very different from that of the protons.
One important quality factor for the present data is the energy resolution of the excitation function. This resolution was obtained by fitting the high-energy edge of the 46 Ar vertex energy spectrum with a modified Gaussian cumulative distribution function as shown in Fig. 2 , yielding a FWHM resolution of 46 keV/u. This result is within the resolution needed for the present experiment. The energy straggling of the beam in the entrance window, the ion chamber, and the gas was calculated with SRIM [27] down to an energy of approximately 2 MeV/u and was found to be less than 10 keV/u. The scattering angle and energy acceptances of the AT-TPC in the present experiment were limited by the trigger generation, especially at forward scattering angles in the laboratory frame, where the track multiplicity is low due to the small projection of each track onto the sensor plane. Due to these trigger limitations, the angular domain of the data was restricted to the region between roughly 30 • and 65 • in the center-of-mass frame.
Resonance effects are smaller in this angular domain than at very backwards angles in the center-of-mass frame; however, this is compensated for by much higher cross sections. The non-resonant scattering is predominantly Rutherford scattering, limiting the influence of optical model parameter uncertainties. The counts were summed over all scattering angles to produce the data shown in Fig. 3 . Theoretically, this data consists of resonances superimposed on a slowly varying baseline. This baseline was modeled using a quadratic function and then removed using the formula 
S(E)
where N(E) represents the data, B(E) is the baseline, and S(E) is the resulting baseline-subtracted normalized data. This baselinesubtracted normalized data was then fit using an R matrix model to estimate the properties of the observed resonances. The R matrix calculation was performed using the DSigmaIV program [28, 29] , which is based on the Lane and Thomas [30] description of the theory. The Koning and Delaroche [31] global optical potential was used for the elastic scattering component of the reaction. After performing the calculation, the results were summed over all scattering angles with weights that were proportional to the number of experimental counts observed in each angular bin. The non-resonant elastic scattering component was then removed from this weighted sum by comparing the results to an R matrix calculation without resonances and finding the normalized difference in the same way as was done for the data. Finally, this renormalized, summed R matrix curve was convoluted with a Gaussian with full width at half maximum of 46 keV/u to model the energy resolution of the detector.
Table 1
Properties of the resonances shown in Fig. 4 . Energies and widths are given in keV/u. E CM res is the resonance energy in the center of mass frame; E x is the excitation energy calculated from the resonance assuming E C − S n = 2680(20) keV, the energy of the ground state resonance; J π gives the spin and parity assigned to the resonance; T z indicates the isospin projection; S refers to the spectroscopic factor; is the total resonance width; and p is the proton width. For quantities with two uncertainties, the first value is the systematic uncertainty and the second is statistical. The experimental data is compared to the R matrix calculation in Fig. 4 , where four candidate resonances are seen. The resonance parameters were optimized by manually adjusting the resonance energies and spectroscopic factors used as input to DSigmaIV. The resonance widths were calculated by this code as a function of those parameters. A resonance mixing phase of 20 • was included to account for averaging over the fine structure components of the resonances [32, 18] , and a resonance spreading width of 10 keV was included to account for splitting over these states [33, 32] . The resulting resonance properties are shown in Table 1 .
The systematic uncertainty of the resonance energy E CM res includes a component from the calibration process, a component that accounts for an estimated 5% uncertainty in the drift velocity, and a component from the uncertainty in the relative Coulomb shifts between levels. This last uncertainty was taken to be 64 keV from the systematic comparison review on light nuclei done in [34] . The systematic uncertainty of the excitation energy E x is smaller because the calibration and drift velocity uncertainties are highly correlated between states, leading to a large covariance. The systematic uncertainty of the spectroscopic factors was estimated from the uncertainty in the height of the resonance peaks.
An F test was performed around each resonance to establish the level of statistical significance of the experimental results. This test compared the R matrix model shown in Fig. 4 to a null model that consists of a horizontal line passing through the origin. The comparison was made using the F statistic
where RSS is the residual sum of squares, ν is the number of degrees of freedom, and subscripts R and 0 refer to the R matrix model and the null model, respectively. The value of this statistic was calculated for each peak and compared to an F distribution to find a p-value for each peak that corresponds to the probability of observing a more-extreme deviation from the baseline assuming the null model is true. If this p-value was less than a predetermined threshold of 0.10, then the null model was rejected in favor of the R matrix model, and the resonance was deemed statistically significant. The values deduced in the present experiment are compared to several previous determinations and shell model calculations in Fig. 5 . Our determination of the properties of the ground state are compatible with the previous experiment within 2σ , but the observed parameters of the first excited 1/2 − state do not agree with the literature values. The observed excitation energy of this state is somewhat lower than the previously reported value of 1130 keV [4] . This is compatible with the previously mentioned fluctuations in the Coulomb shift and the experimental error.
Several factors may influence the absolute spectroscopic factor as deduced from the R matrix analysis of the present work.
• Optical model parameters used: in the angular and energy domain of the present work the potential scattering amplitude is dominated by Rutherford so the main influence will come from the phases in the resonant term that interferes with the potential scattering.
• Spreading width: a resonance integral, defined as the integral of the deviation from unity in Fig. 4 , was used to quantify the resonance effect. It was checked that this quantity was not very sensitive to variations of the spreading width, less than 10%.
• Resonance mixing phase: the resonance mixing phase changes the interference pattern between the potential and resonant amplitudes. Introducing the value of 20 • from [32, 18] improved the fit for the 1/2 − resonance for example. From our rough estimation, a reasonable variation of the resonance phase should not change the spectroscopic factor by more than 20%.
• Single particle width: The single particle resonance width was calculated in a real optical model potential. The values obtained with the optical model were 30±10% smaller than the R-matrix, therefore giving a 30% bigger spectroscopic factor than the R-matrix value. One would not expect an error bigger than 20% for the single particle reference, a value also typical for (d,p) analysis.
All these factors should not add up to more that 30% uncertainty, except if there are unexpected large deviations from the ingredients used. Note that (d,p) measurements have rarely a precision better than 20-30%.
One potential explanation for the lower spectroscopic factor we deduce for the 1/2 − state could be the presence of a nearby 5/2 − state that was first observed by Bhattacharyya et al. [7] only 34(7) keV above the 1/2 − state. Within the 75 keV experimental resolution of Gaudefroy et al. [4] , it would not have been possible to separate this state from the 1/2 − state. Although this hypothesis is not supported by the shape of the angular distribution observed for the 1/2 − state in the (d,p) reaction, the spectroscopic factor reported by Gaudefroy et al. [4] for the 1/2 − state may be larger than the actual value if it includes a significant contribution from transfer into the 5/2 − state. This 5/2 − state does not have a significant effect on the spectroscopic factor deduced in the present experiment, however, since the probability of populating it in a (p, p) reaction is negligible compared to the probability in a (d, p) reaction due to the low penetrability of this partial wave.
A smaller spectroscopic factor for the 1/2 − state could imply a shift in the 2p 1/2 single-particle energy and the spin-orbit splitting of the 2p orbitals in the 47 Ar nucleus. Single-particle energies are calculated as the weighted sum of the experimental energy levels having the same spin and parity as the single-particle state, where the weights are given by the spectroscopic factors. Thus, if the spectroscopic factor of this lowest-lying 1/2 − state is smaller than was previously reported, the single-particle energy of the 2p 1/2 orbital will be larger since the higher-energy 1/2 − states must contribute more significantly to the sum. Assuming the 2p 3/2 single-particle energy remains unchanged, this would imply a larger spin-orbit splitting between the two 2p orbitals. These changes in splitting could be explained by larger-than-expected nuclear deformation in 47 Ar. These possibilities rely on the single observation of a smaller spectroscopic factor for the analog resonance of the 1/2 − state in 47 Ar, and are in contradiction with most shell model calculations as shown in Fig. 5 . Clearly, more precise measurements that reconciles the ground state spectroscopic factor and the value deduced in the (d,p) reaction are needed before a firm conclusion can be drawn. We finally discuss the shell-model configurations related to the observed 1/2 + resonances. Note that the second 1/2 + resonance is not significant by the statistical analysis criteria shown in Table 1 We anticipate a better scattering angle acceptance in future experiments through the use of a true global multiplicity trigger module. Additionally, the statistics of future proton scattering experiments will be enhanced by the larger density of proton scattering centers provided by pure hydrogen gas, which can now be used in the AT-TPC thanks to the additional electron amplification provided by a new thick GEM (Gas Electron Multiplier) device installed in front of the Micromegas [35] . Finally, a special set of front-end electronics has been developed to polarize individual pads independently in order to reduce the electron gain by several orders of magnitude on these pads only; this will help reduce the recurrence of the noise and saturation effects seen in this experiment since those were mainly caused by the large number of avalanche electrons incident on the pads from the 46 Ar beam particle tracks [9] . This pioneering experiment and further technical improvements open the possibility of using isobaric analogue states to study the structure of medium-and heavy-mass nuclei far from stability with intensities on the order of 1 kHz.
